This paper proposes wavelet packets for use in ultra wideband communications. The pulse shapes that are generated are quasi orthogonal and have almost identical time duration. After normalization, an M-ary signaling set can be constructed allowing higher data rate. Finally, the performance of such a system when multipath propagation occurs is investigated by computer simulations. In order to combat multipath fading, a Rake receiver using coherent channel estimation is designed. This channel estimation is carried out using adaptive algorithms such as least-mean square (LMS), normalized least-mean square (NLMS), or recursive least square (RLS) algorithms which adapt the received signal given a reference signal. key words: multipath channels, pulse shaping methods, ultra wideband communications
Introduction
In the last decade, interest on ultra wideband (UWB) communications has risen at such a rate that it has become one of the main areas of research [1] - [6] . By definition, UWB spread-spectrum techniques usually involve the transmission of extremely short duration (sub-nanosecond) and very low duty-cycle (on the order of less than 1/1000) pulses with a relatively large fractional bandwidth (FB):
where f h and f l are the higher and the lower 10 dB points of the signal, respectively. More specifically, UWB signals are defined as having a −10 dB bandwidth which exceeds 500 MHz or 20% of their center frequency [7] and is often of the order of one to several gigahertz. A reason for the attractiveness of UWB communications is due to the relation between the maximum channel capacity and the total available bandwidth as follows from the channel capacity theorem [8] :
Notice that the maximum channel capacity C grows linearly with total available bandwidth B. Thus, UWB systems theoretically appear to have great potential for the support of high-capacity wireless systems due to their wide a) E-mail: stephane.ciolino@kcl.ac.uk DOI: 10.1093/ietfec/e88-a. 9 .2310 transmission bandwidths. Therefore, such systems could achieve high-data-rate, short-range, multiple-access communications including some desirable capabilities such as low-cost implementations combined with low-power consumption due to low transmission power operation, accurate position location and efficient ways to combat multipath fading due to the very narrow pulses. However, there is still a challenge in making this technology live up to its full potential. Indeed, UWB systems have to fit a predefined spectrum range in order to allow them to not cause an unacceptable level of interference for other wireless services that happen to be sharing the same frequency band. Low power levels mean that the system must be robust. Thus pulse shape modulation appears as an attractive candidate for UWB communications as such a technique introduces more degrees of freedom to the system, so the robustness increases. In such systems, the UWB signal is generated using very short, low duty-cycle, baseband pulses with appropriate shape and duration. Furthermore by constructing orthogonal pulses, an M-ary signaling system can be defined allowing either higher data rate or multiple access scenario.
Recently, several pulse design methods have been presented in the literature such as orthogonal M-ary systems based on Hermite polynomials [9] , or Prolate spheroidal wave functions [10] . Another technique is to design pulses with respect to a given spectrum. This technique can be based on soft-spectrum adaptation [11] , semi-definite programming [12] , or an algorithm that designs the pulses corresponding to the dominant eigenvectors of a channel matrix constructed by sampling the desired spectrum [13] . A few articles relating to the use of wavelet packets in digital communications have been published [14] - [17] . These functions, as their names imply, have very short duration. In addition, they satisfy some interesting orthogonality properties while their construction algorithm is quite simple. These properties make wavelet packets an attractive candidate for UWB pulse shape modulation.
The paper is organized as follows. In Sect. 2, the method to generate the wavelet packets is described, while in Sect. 3, a complete description of the UWB pulse shape modulation system using these functions is presented. The performance evaluation generated based on computer simulations is discussed in Sect. 4 . Conclusions are given in Sect. 5.
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Construction of Wavelet Packets
Wavelet analysis is a relatively new field of mathematical research which has generated great interest in theoretical and applied mathematics over the past decade [18] - [22] . Let L 2 (a, b) denote the collection of measurable functions f , defined on the interval (a, b) , that satisfy
Let φ ∈ L 2 (R) a scaling function, and ψ ∈ L 2 (R) its corresponding wavelet as defined in [21] . If we define ψ j,k by
then ψ is called a semi-orthogonal wavelet (s.o. wavelet) if {ψ j,k } satisfies
Moreover, if {ψ j,k } satisfies
then ψ is called an orthogonal wavelet (o.n. wavelet). Finally, the two-scale relation of φ is described by a unique 2 -sequence {p k },
called the two-scale sequence of φ. Then the two-scale relation of the corresponding wavelet ψ is given by
where
Let {p k } the two-scale sequence of an o.n. scaling function φ, and {q k }, as defined in (9), the two-scale sequence which completely characterizes its corresponding o.n. wavelet ψ. If we note
we can define the family of functions µ n , n = 2 or 2 +1, ∈ Z + , defined by
These functions, representing wavelet packets, are defined according to the o.n. scaling function µ 0 = φ and satisfy the following orthogonality properties:
Furthermore, these wavelet packets must be finite energy functions with Lebesgue measure, i.e., the Lebesgue integral, as defined in (3), exists. Using an o.n. or s.o. wavelet, chosen in a wavelet family such as Haar, Biorthogonal, Coiflet, Daubechies, or Symlet [18] , [23] , we can easily generate the corresponding wavelet packets, as defined in (11) . For each set thus constructed, we can notice that the wavelets have almost identical time duration. However, except for the Haar wavelet set, the orthogonality of the set is not exact, but for practical applications it might be adequate. Concerning the orthogonality of the set using the Haar wavelet, this advantage is minimal because the Haar wavelet is irregular and consequently difficult to generate in practice.
Regarding the frequency domain of these wavelet packets, the pulse bandwidth is highly similar for each wavelet. But each wavelet has its own center frequency, and the fractional bandwidth takes its values in the interval [20%, 200%] . This property is satisfied for each set, resulting in a large frequency band, for which it might be difficult to find an antenna that can transmit all these pulses.
However, it is interesting to observe that the set constructed using the Daubechies order 5 wavelet has similar frequency components as the one using the Symlet order 5 wavelet. By using wavelets in both sets we can obtain a new set that requires less bandwidth than the ones it derives from.
In Figs. 1 and 2 the time and frequency domains of the normalized set using wavelets in both Daubechies and Sym- let wavelet packets are shown. Note that this set does not respect the ruling by the Federal Communications Commission (FCC) which allows UWB signals with a peak power spectral density (PSD) value of −41.3 dBm/ MHz between 3.1 GHz and 10.6 GHz. However it is possible to define a set that respect this ruling by considering less symbols, using another wavelet family, or dilating the wavelets. This implies a trade off between the pulse width (related to the data rate or system capacity), the adjacent channel interference in the frequency domain, and the desired number of orthogonal pulses.
System Description
Pulse Shape Modulation System Model
In this paper, pulse shape modulation is considered for our UWB system. Using the Daubechies order 5 and Symlet order 5 set described in Fig. 1 , we can easily construct an M-ary signaling system, where M is the number of symbols. The baseband representation of a transmitted sequence is given by
In the above equation, w i,n is the nth transmitted symbol where i ∈ 1, M denotes the ith symbol of the M-ary set. The frame period is represented by T f . In order to combat inter symbol interference (ISI) due to the multipath fading environment, a guard-time T g is inserted between each transmitted symbol. If we denote T s the time duration of a symbol, then the frame period is given by
The bit rate R b is then defined by
In our simulations, M is equal to 8 so three bits per symbol are assumed, and T s is equal to 2 ns. Each symbol is normalized to unit energy. We set T F equal to 11 ns so inter symbol interference is negligible. Simulation results are for sampling time of 0.0173 ns. Finally, in order to estimate the channel, some pilot symbols are introduced in front of the transmitted sequence. After initial training with the pilots, adaptation stops.
Performance Analysis
In order to derive the performance of the system, we assume that the transmitted sequence as in (14) propagates through a multipath channel with impulse response
where α l and τ l are the amplitude and the delay of the lth path respectively, and L is the total number of paths characterizing the channel. Let us now define g i,n (t) as
where * denotes the convolution. The received signal at the output of the receiver antenna is then
where n(t) represents the receiver zero-mean additive white Gaussian noise (AWGN) with two-sided PSD of N 0 2 . As there exist many resolvable paths in the UWB multipath channel as in (17), we then consider a Rake receiver structure to correlate the received signal with the M templates waveforms w j , j ∈ [1, M]. The Rake receiver tracks the L p best paths out of the L available paths, and information is then detected through maximum ratio combining (MRC) [24] , [25] . We assume that the receiver has perfect knowledge of the propagation channel, and is perfectly synchronized to the received signal.
We define the correlation output of the Rake receiver's lth finger with the jth reference symbol by
Thus, the decision statistic corresponding to the jth symbol is given by
where (.) * represents the complex conjugate. In absence of ISI, one can decompose c j as 
The noise component c n j is a zero-mean Gaussian random variable with variance
According to the pulse orthogonality, c n j , 1 ≤ j ≤ M are statistically independent.
Considering the ith symbol being transmitted, the jth decision statistic at the receiver satisfies
The conditional average error probability given the ith symbol was transmitted is 
Thus (26) is equivalent to
where erf(.) is the error function defined by
Finally the symbol error rate (SER) is defined by
Pr(w i )Pr(e|w i ).
Since we assume the symbols composing the M-ary set are equiprobable,
Therefore, (30) leads to
UWB Channel Model
As UWB multipath components seem to arrive in clusters [26] , [27] , the UWB channel used in this paper is the model proposed by the IEEE 802.15 Working Group [28] , derived from the Saleh-Valenzuela model [29] . The main difference with the latter lies in the multipath gain amplitude that is represented by a lognormal distribution. Moreover, each cluster, as well as each ray within the cluster, has independent fading. Therefore, the channel impulse response is
where {α k,l } represent the multipath gain coefficients, T l is the delay of the lth cluster, τ k,l is the delay of the kth multipath component relative to the lth cluster arrival time T l , and X denotes the log-normal shadowing.
Four different channel models are based on a combination of characteristics such as line of sight (LOS) and nonline of sight (NLOS) scenarios, the distance, the mean excess delay, the RMS delay, the number of paths within 10 dB of the strongest path, and the number of paths containing 85 percent of the energy. One hundred channel realizations for each channel model are derived from (33).
As expected, the length of the channel impulse response increases with the distance which characterizes the model. Thus, the channel estimation will be more time consuming for the models which are characterized by a longer distance. In addition, the number of significant paths within 10 dB of peak, as well as the number of significant paths capturing more than 85% of energy, increases at each of the four channel models. Therefore the Rake design in reception should be less efficient for the last models.
Coherent Rake Receiver and Channel Estimation
In order to improve the signal-to-noise ratio (SNR) and thus average SER with coherent detection, MRC is usually employed at the receiver in the form of a Rake receiver. As expected, according to Fig. 3 , one can notice that when the number of fingers used in a Rake design increases, the performance of the system is improved. There is a huge improvement when we use ten fingers instead of five. Then, the variation decreases when one increases the number of fingers. From here, we use 10 fingers in our Rake receiver design in order to reflect the reality, as a high number of fingers is not possible for practical applications.
A coherent receiver needs to estimate the delay and amplitude of multipath components, which can be carried out using various algorithms such as least-mean square (LMS), normalized least-mean square (NLMS), or recursive least square (RLS) algorithms [30] , [31] . As shown in Fig. 4 , an adaptive algorithm iteratively calculates the optimum filter coefficient vector w(n) at the discrete time n, in such a way that a cost function is minimized. Usually, the cost function is a function of the filter error e(n) which is the difference of the filter output and the desired output d(n).
The NLMS algorithm is in fact a modification of the LMS algorithm in order to lower the influence of the input signal amplitude on the gradient noise. Compared to the LMS and NLMS algorithms, the RLS algorithm is more complex but its time of convergence is improved.
In these algorithms, the samples u(n) that compose the regressor vector are obtained by sampling the received pilots transmitted in front of the sequence. Finally, the channel estimator uses the last update of w in order to provide the coefficients and delays needed in the Rake receiver. For each channel, time of arrival of the first path is assumed to be known and timing synchronization is assumed to be perfect. Table 1 shows the computational complexity of these three adaptive algorithms where L denotes the length of the channel. As the memory consumption depends of the length of the channel, it is expected that the channel estimation will take more time for the two last channel models. Furthermore, the RLS algorithm is much more time consuming than the LMS and NLMS algorithms.
Performance of these algorithms is shown in Fig. 5 for different numbers of pilots used for the channel estimation 
a a substraction is considered as an addition process. As expected, performance of the system is improved if we increase the number of pilots in both LMS and NLMS algorithms. However the RLS algorithm does not improve its performance when we increase the number of pilots. It seems that we need at least eight pilot symbols in front of the transmitted sequence in order to achieve good values of mean square error (MSE). As expected, the (LMS derived) NLMS algorithm performs slightly better than the LMS algorithm. Conversely, the RLS algorithm fails according to the resulting MSE. A plausible explanation is that the RLS algorithm works with time-based averages calculated from different samples of the same random process, while in LMS and NLMS algorithms, averaging involves values acquired from certain time but from different realizations of one random process. Thus, a Rake receiver using 10 fingers and a channel estimator using the NLMS algorithm aided by eight pilot symbols seems to be a valuable design in order to detect the transmitted sequence.
Performance Evaluation
The system used in this section is shown in Fig. 6 . A random sequence is sent through one of the multipath channel described in Sect. 3.3. In order to estimate the channels, 8 pilots symbols are used in front of the sequence. The Rake receiver design uses 10 fingers. For each of the four channel environments as described in [28] , the SER is averaged over Fig. 7 Performance of the set using wavelets in both Daubechies and Symlet packets for each channel model. We choose 8 pilots and 10 fingers for the Rake receiver design. For each channel model, the three adaptive algorithms are compared. the best 90 out of 100 channel realizations. Figure 7 shows the SER vs. E b /N 0 for the three algorithms in each channel model. In the first environment (LOS, 0-4 m), if we except the case where the RLS algorithm is used, the SER goes from 10 −3 to 10 −4 when the SNR, represented by E b /N 0 , varies from −5 dB to 5 dB. Furthermore, as expected, the NLMS algorithm performs the best.
In the case where the second channel environment (NLOS, 0-4 m) is used, we can notice that the RLS algorithm fails while the NLMS algorithm performs better than the LMS one. The only difference from the first channel environment is the influence of the SNR on the SER where the latter seems to vary linearly with the SNR.
When the third channel environment (NLOS, 4-10 m) is used, as expected, the RLS algorithm performs extremely poorly, while the NLMS algorithm performs slightly better than LMS. But in contrary to the two previous models, the SER decreases very slowly with the SNR, and is only slightly less than 10 −1 . Finally, in the fourth channel environment (RMS > 25), results are very similar to the ones in the third channel environment; the SER decreases very slowly with the SNR, and is only a little more than 10 −1 when NLMS algorithm is used. Again, the RLS algorithm fails, while the LMS algorithm marginally underperforms the NLMS algorithm.
From these results, we can conclude that good performance is achieved when the distance between the transmitter and the receiver is limited. A possible method to increase the performance over a higher distance is to increase the gap between each wavelet during the transmission. Unfortunately, this decreases the overall data rate.
Conclusions
The use of wavelet packets based pulses for UWB communications has been investigated. An M-ary signaling system, composed of quasi orthogonal waveforms, has been shown to achieve high data rates. For each proposed set, the pulses have almost identical bandwidth and duration.
Simulations in different multipath channel with different adaptive algorithms for channel estimation were performed. Combining all results, the set using wavelets in both Symlet and Daubechies wavelet packets appears to be a valuable candidate for short distance UWB communications. Indeed, it requires a limited bandwidth compared to the others sets of wavelet packets. Furthermore when a Rake receiver, using 10 fingers and a NLMS based channel estimator, aided by eight pilot symbols is simulated in a multipath scenario, this set of wavelets obtains good results when the distance between the transmitter and the receiver is short.
